In Caenorhabditis elegans, VA and VB motor neurons arise as lineal sisters but synapse with different interneurons to regulate locomotion. VA-specific inputs are defined by the UNC-4 homeoprotein and its transcriptional corepressor, UNC-37/Groucho, which function in the VAs to block the creation of chemical synapses and gap junctions with interneurons normally reserved for VBs. To reveal downstream genes that control this choice, we have employed a cell-specific microarray strategy that has now identified unc-4-regulated transcripts. One of these genes, ceh-12, a member of the HB9 family of homeoproteins, is normally restricted to VBs. We show that expression of CEH-12/HB9 in VA motor neurons in unc-4 mutants imposes VB-type inputs. Thus, this work reveals a developmental switch in which motor neuron input is defined by differential expression of transcription factors that select alternative presynaptic partners. The conservation of UNC-4, HB9, and Groucho expression in the vertebrate motor circuit argues that similar mechanisms may regulate synaptic specificity in the spinal cord.
Animal movement is controlled by axial nerve cords in which interneurons synapse with motor neurons to regulate muscle activity. These connections are highly specific, as motor neurons innervate particular muscles as well as receive inputs from selected interneurons. Available evidence indicates that the architecture of these networks is largely imposed by genetic pathways in which neuronal fates are transcriptionally controlled (Arber et al. 2000; Glover 2000; Shirasaki and Pfaff 2002; Chen et al. 2003 ). This idea is especially well documented for motor circuit neurons that arise in the developing spinal cord (Shirasaki and Pfaff 2002) . Here, distinct progenitor domains are delineated by reciprocal repression of unique combinations of homeodomain transcription factors that utilize the conserved corepressor protein, Groucho. In this "derepression" model, neuron identity is achieved by actively suppressing other fates (Muhr et al. 2001) . For example, Pax6 and Olig2-mediated repression of the interneuron specifiers Nkx2.2 and Irx3 permits activation of the HB9 homeodomain transcription factor in the ventral motor neuron progenitor domain (Lee et al. 2004) . HB9, in turn, specifies motor neuron fate by inhibiting expression of post-mitotic interneuron determinants (i.e., Chx10) (Thaler et al. 1999) . The muscle-targeting specificity of motor neuron classes arising from this domain is defined by unique combinations of transcription factors (Sharma et al. 2000; Shirasaki and Pfaff 2002) . Similarly, sensory neurons in local reflex circuits recognize post-synaptic motor neurons in mechanisms that depend on expression of specific transcriptional regulators in partner neurons (Arber et al. 2000; Chen et al. 2003 Chen et al. , 2006 . Inputs to vertebrate motor neurons from brain-derived interneurons are presumptively specific and are likely to depend on genetic pathways that also define motor neuron identity (Glover 2000) . Although these observations provide strong support for the model that the specificity of motor circuit synapses is transcriptionally controlled, the precise pathways that define synaptic choice are poorly understood.
To simplify this problem, we adopted the nematode Caenorhabditis elegans because of its small, well-defined nervous system and facile genetics. In this animal, interneurons enter the ventral nerve cord from distal ganglia in head and tail regions to synapse with specific classes of motor neurons (Fig. 1 ). These connections include defined combinations of chemical synapses and gap junctions (White et al. 1986 ; Von ).
Mutants with "uncoordinated" or "Unc" movement phenotypes have been correlated with structural defects in this circuit. Of particular interest to the question of how transcription factors define the architecture of motor circuits is the finding that mutations in the unc-4 homeodomain gene alter inputs to VA class motor neurons (Miller et al. 1992; White et al. 1992) . In wild-type animals, most VA and VB motor neurons arise as sister cells that adopt distinctive morphologies and synapse with separate sets of interneurons ( Fig. 1 ; Sulston and Horvitz 1977; White et al. 1986 ). In unc-4 mutants, these cell lineages and morphological differences are preserved; VAs, however, are miswired with inputs from interneurons normally restricted to their VB sister cells. Thus, unc-4 explicitly controls synaptic choice but does not regulate other features of this motor circuit such as axonal outgrowth or process placement that could indirectly alter wiring specificity (White et al. 1992) .
The UNC-4 homeodomain protein is expressed in VA motor neurons to prevent the adoption of VB-type inputs (Miller and Niemeyer 1995) . This activity depends on physical interactions with UNC-37, the nematode homolog of Groucho. We have thus proposed that UNC-4 sustains VA inputs by turning off VB-specific genes (Pflugrad et al. 1997; Winnier et al. 1999 ). Here we describe the results of a neuron-specific microarray-based strat- Figure 1 . VA synaptic inputs to VA motor neurons depend on UNC-4 repression of VB-specific genes. (A) Interneurons in head and tail ganglia extend axons into the ventral nerve cord to synapse with specific motor neurons. DA and VA class motor neurons receive inputs from interneurons AVA (gap junctions and chemical synapses), AVD, and AVE (chemical synapses) to comprise the "blue circuit," whereas DB and VB motor neurons are connected to AVB (gap junctions) and PVC (chemical synapses) in the "red circuit." VA and VB motor neurons innervate ventral muscles; DA and DB motor neurons extend commissural processes from the ventral side to synapse with dorsal muscles. (B) Most VA and VB motor neurons arise from a common progenitor but extend axons in opposite directions and are connected to separate sets of command interneurons; backward locomotion depends on the blue circuit and forward movement is driven by the red circuit. In unc-4 mutants, which cannot back, VA motor neurons are miswired with inputs (ectopic gap junction with AVB, chemical synapse from PVC) normally reserved for VB sister cells. (C) Model of UNC-4 action. The UNC-4 homeodomain protein and its corepressor, UNC-37/Groucho, specify VA inputs by blocking expression of VB genes. The UNC-4 eh1 domain interacts with UNC-37/Groucho. (D,E) VB genes are derepressed in VA motor neurons in unc-4 mutants. Lateral views of posterior ventral nerve cord of L2 larvae. (D) A GFP reporter for the DEG/ENaC subunit, del-1, is normally restricted to VB motor neurons in the L2 but is also expressed in VA motor neurons in unc-4 mutants. (E) glr-4ϻGFP is expressed in DB and VB motor neurons in the wild-type and ectopically expressed in DA and VA motor neurons in unc-4. Arrowheads point to DIC images of motor neuron nuclei that do not express GFP. Arrows denote ventral nerve cord landmarks, P9.p and P10.p ectodermal blast cells. Anterior is to the left, ventral is down. Bars, 5 µm. egy to identify these transcripts. This approach has revealed VB-genes that are negatively regulated by unc-4 and unc-37 in VA motor neurons. We have confirmed that at least one of these genes, ceh-12/HB9, functions downstream from unc-4 to regulate synaptic choice.
CEH-12 is closely related to Mnx/HB9 homeodomain transcription factors, key determinants of motor neuron fate in flies, birds, and mammals (Arber et al. 1999; Thaler et al. 1999; Broihier and Skeath 2002) . In C. elegans, ceh-12 is selectively detected in VB motor neurons in the ventral cord of wild-type animals but is also ectopically expressed in VAs in unc-4 and unc-37 mutants; we show that this misexpression of ceh-12 in the VAs is both necessary and sufficient to impose VB-type inputs. Thus, these results substantiate the model that normal interneuron synapses with VA motor neurons depend on UNC-4 repression of VB-specific genes (Winnier et al. 1999) . Moreover, this work underscores the key role of transcriptional control in the establishment of functional motor neuron circuits and argues for the ancient evolutionary origin of this mechanism and the specific transcription factors that mediate it.
Results
The C. elegans motor circuit UNC-4 is expressed in DA motor neurons in the embryo and in larval VA motor neurons that arise in the L1 stage (Miller and Niemeyer 1995) . These "A-class" motor neurons share common morphological features, such as anteriorly directed axons and input from specific interneurons (AVA, AVD, AVE). In contrast, DB and VB or "Bclass" motor neurons extend posterior axons and are connected to a different set of presynaptic command interneurons (AVB, PVC) ( Fig. 1 ; White et al. 1986; Von Stetina et al. 2005) . Most (nine out of 12) VA and VB motor neurons arise from a common progenitor cell; VA2-VA10 are sisters to VB3-VB11. VA motor neurons in this group are miswired with VB-type inputs in the mutant unc-4(e120) (Fig. 1B) . In contrast, EM reconstruction of unc-4(e120) did not detect miswiring of VA motor neurons that do not have VB sisters (VA1, VA11, VA12) or of embryonic DA motor neurons. These results suggested that unc-4 is exclusively required to specify synaptic inputs to VA motor neurons that arise from a progenitor cell that also produces a VB motor neuron (White et al. 1992) .
Both A-class and B-class motor neurons are cholinergic and excitatory but exhibit separate locomotory functions. A-class motor neurons mediate backward movement, whereas B-class motor neurons are required for forward locomotion (Fig. 5, below; Supplementary Movie 1; Chalfie et al. 1985) . The loss of normal inputs to VA motor neurons in unc-4(e120) blocks backward movement. Other unc-4 alleles display a similar phenotype (Fig. 5, below; Supplementary Movie 2; White et al. 1992) . Movement may also be impaired by a reduction in synaptic vesicles at neuromuscular synapses of A-class motor neurons in unc-4 and unc-37 mutants (Lickteig et al. 2001 ).
VA motor neuron-specific microarray profiles reveal candidate unc-4 target genes
We used the mRNA-tagging method to identify candidate unc-4-regulated genes in VA motor neurons ( Fig. 2A ; Roy et al. 2002) . The unc-4pϻ3XFlag-PAB-1 transgene (3FPAB) was crossed into an unc-37 mutant background and a mRNA-tagging profile generated for comparison to a wild-type VA motor neuron data set ( Fig. 2B; Winnier et al. 1999) . A total of 255 transcripts are significantly elevated in the unc-37 profile. Here we describe experiments confirming that one of these genes, ceh-12, is also negatively regulated by unc-4 and that it functions downstream from unc-4 to specify synaptic inputs to A-class motor neurons. A complete description of UNC-37/Groucho-regulated A-class motor neuron genes will be presented elsewhere.
ceh-12 encodes the nematode homolog of the HB9 homeodomain protein and regulates VB motor neuronspecific gene expression
Phylogenetic analysis indicates that ceh-12 is the closest C. elegans relative of the Mnx/HB9 family of homeodomain proteins (Fig. 3A) . CEH-12 includes an N-terminal eh1 domain (Jimenez et al. 1997 ) that is also conserved in this location in other HB9 proteins (Fig. 3B) . The presence of this potential Groucho interaction domain is consistent with the proposal that CEH-12 and other HB9 proteins are transcriptional repressors (William et al. 2003) . The well-established and highly conserved role of HB9 proteins in motor neuron differentiation in other species (Arber et al. 1999; Thaler et al. 1999; Broihier and Skeath 2002) suggested to us that ceh-12 was also likely to regulate motor neuron fate in C. elegans.
We confirmed that ceh-12 is expressed in C. elegans motor neurons by constructing a ceh-12ϻGFP reporter gene (Fig. 3D) . Three independent transgenic lines display GFP fluorescence exclusively in VB motor neurons in the ventral nerve cord (Figs. 3C, 4A ). To determine if ceh-12 controls gene expression in these cells, we examined the ceh-12 deletion alleles tm1619 and gk391 (Fig.  3D) for regulation of known motor neuron markers. The VB reporters del-1ϻGFP and acr-5ϻGFP, the A-class marker unc-4ϻGFP, and the A-and B-class label acr-2ϻGFP were not affected by these ceh-12 alleles (Supplemental Material). Immunostaining, however, revealed that VAB-7/Even-skipped is derepressed in VB motor neurons in ceh-12 mutants (Fig. 3E) . VAB-7/Eve is normally restricted to DB motor neurons in the ventral nerve cord during the L2 larval stage in which ceh-12ϻGFP is expressed in VB motor neurons (VAB-7 is also expressed in VC motor neurons in the adult) ( Fig. 3E ; Esmaeili et al. 2002) . Our results mirror similar transcriptional regulation in Drosophila, in which dHB9 represses Eve in selected motor neuron classes to prevent the adoption of the axonal trajectory of Eve+ motor neurons (Broihier and Skeath 2002) . In C. elegans, however, ectopic VAB-7 in the VBs is not sufficient to impose the dorsally directed axonal outgrowth of DB motor neurons, as VB motor axons remain in the ventral nerve cord in ceh-12 mutants (Supplemental Material). The limited effect of ceh-12 mutants on VB motor neuron fate is consistent with the observation that these animals do not display obvious movement defects (Table 1 ; Supplemental Material; Supplementary Movie 3), and suggests that ceh-12 may regulate a specific subset of VB traits.
ceh-12ϻGFP is negatively regulated by unc-4 and unc-37 in posterior A-class neurons Our model predicts that UNC-4 target genes are normally expressed in VB motor neurons but turned off in the VAs by the combined activity of UNC-4 and UNC-37/Groucho ( Fig. 1 ; Winnier et al. 1999 ). We have confirmed this prediction by showing that ceh-12ϻGFP is normally expressed in VB motor neurons in the wildtype but is also detected in VA motor neurons in unc-4 and unc-37 mutants (Fig. 4C,D) . This finding agrees with microarray results that detected significant elevation of the endogenous ceh-12 transcript in unc-37 mutant VA motor neurons (Fig. 2C) . Surprisingly, ectopic ceh-12ϻGFP expression is strongest for VA motor neurons in the posterior ventral nerve cord. For example, in unc-4(e120), 80% of VA10 neurons show ceh-12ϻGFP, whereas only ∼15% of VA7 motor neurons are affected; ectopic ceh-12ϻGFP was never detected (n = 30) in VA2 at the anterior end of the ventral nerve cord (Fig. 4E) . A similar bias in ceh-12ϻGFP expression was also observed for posteriorly located DA motor neurons in unc-4 and unc-37 mutants (data not shown). This finding is consistent with the elevation of ceh-12 transcript levels in microarray data generated from unc-4 mutant DA motor neurons using the MAPCeL approach (Fox et al. 2005 ; R.M. Fox and D.M. Miller, unpubl.) . On the basis of these results, we conclude that ceh-12 is a strong candidate for a VB gene that is negatively regulated by the unc-4 pathway in posterior A-class motor neurons. 
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CEH-12 expression in VA motor neurons induces an Unc-4-like movement defect
If ceh-12 is sufficient to miswire VA motor neurons, then ectopic expression of CEH-12 in the VAs should result in a backward Unc defect. To test this idea, we used the unc-4 promoter to drive CEH-12 protein expression in A-class motor neurons. These "VA-CEH-12" animals are unable to execute backward movement when stimulated by head touch and instead coil dorsally, a phenotype that resembles that of unc-4 mutants ( Fig sulted from CEH-12-dependent repression of unc-4. However, unc-4ϻGFP is expressed normally in A-class motor neurons in VA-CEH-12 animals (Supplemental Material). Thus, we propose that CEH-12 must be acting on other VA genes to induce the backward Unc phenotype (Fig. 5) .
CEH-12 functions downstream from unc-4 and unc-37 to induce the Unc-4 movement defect
Above, we showed that ectopic expression of CEH-12 in VA motor neurons is sufficient to produce an Unc-4-like backward movement defect in VA-CEH-12 worms. If de- repression of ceh-12 in unc-4 mutants is also responsible for this phenotype, then the loss of ceh-12 activity should result in improved backward locomotion for these animals. To test this possibility, we used the ceh-12 deletion alleles ( Fig. 3D ) in genetic experiments with unc-4 and unc-37 mutants to detect "suppression" of the Unc-4 phenotype. As shown in Figure 5E , ceh-12(0) affords weak but quantitatively measurable improvement of backward locomotion in the null allele, unc-4(e120). A similar effect was observed in double-mutant combinations of ceh-12(0) with unc-37(e262) ( Table 1) . Incomplete suppression of the Unc-4 phenotype by ceh-12(0) could be indicative of a second downstream pathway that is also derepressed in unc-4 mutants. This model is consistent with the observation that ceh-12ϻGFP is preferentially expressed in posterior VA motor neurons in unc-4 mutants (Fig. 4E) , although anterior VAs are also miswired. This result suggests that normal VA inputs are selectively restored to posterior VA motor neurons in ceh-12(0); unc-4(0) double mutants, whereas anterior VAs remain miswired due to the ectopic activity of a presumptive parallel pathway that functions in these cells (Fig. 7, below) . The proposal that ceh-12 functions downstream from unc-4 in parallel to at least one additional partially redundant pathway is also consistent with our finding that the weak or hypomorphic unc-4 alleles, e2323 and e2322ts, are strongly suppressed by ceh-12(0). For example, unc-4(e2323) animals are unable to sustain backward movement, whereas almost all (98%) of ceh-12(0); unc-4(e2323) animals readily execute reverse locomotion when touched on the head ( Fig. 5D ,E; Table 1 ; Supplementary Movie 5). In this case, we propose that the residual function of these hypomorphic unc-4 alleles prevents full derepression of target genes, and therefore limits their consequent negative effects on putative downstream VA input genes. In this situation, subsequent elimination of ceh-12 function in posterior VA motor neurons allows net VA motor neuron activity throughout the cord to exceed a threshold required for the restoration of backward locomotion (Fig. 7, below) .
Candidate genes that could function in parallel to ceh-12 include del-1 (DEG/ENaC channel subunit), acr-5 (nicotinic ACh receptor subunit) and glr-4 (ionotrophic glutamate receptor), VB genes that we have previously shown are negatively regulated in VA motor neurons by unc-4 and unc-37 ( Fig. 1 ; Winnier et al. 1999) . As cell surface proteins and ion channel components, DEL-1, ACR-5, and GLR-4 are plausible synaptic determinants. However, null alleles of these loci have no effect on the Unc-4 phenotype either alone or in combination with ceh-12 (Table 1) . Furthermore, ceh-12 does not regulate the expression of these ion channel components in VB motor neurons (Supplemental Material). These genetic results rule out a role for del-1, acr-5, and glr-4 as unc-4 target genes that regulate synaptic choice. unc-4 may repress these downstream genes to prevent expression of other VB traits in VA motor neurons.
UNC-4 and CEH-12 regulate the specificity of gap junctions between command interneurons and motor neurons
The wiring diagram of the C. elegans nervous system was originally deduced from reconstruction of serial sections photographed in the electron microscope (White et al. 1986) . A partial EM reconstruction of unc-4(e120) revealed the miswiring defect of selected VA motor neurons (VA2, VA3, VA10). Aberrant gap junctions with AVB are particularly prominent, and are placed directly on the VA motor neuron soma, a location adjacent to the cell nucleus that is also characteristic of the usual AVB gap junctions with DB and VB motor neurons ( Fig. 6A ; White et al. 1992 ). We have now confirmed these results with a GFP-tagged marker that allows visualization in the light microscope of gap junctions between AVB command interneurons and specific ventral nerve cord motor neurons.
Invertebrate gap junctions are assembled from innexins, modular subunit proteins that function similarly to the vertebrate gap junction connexin proteins despite the absence of obvious sequence homologies (Phelan and unc-4(e2323) (Supplementary Movie 5) . (E) Quantification of Unc-4 backward movement defects reveals suppression by ceh-12-null alleles. Individual animals of each genotype were tapped on the head to evoke backward movement and scored according to three phenotypes: no backing (coil immediately upon tapping) (blue), initiate backing (but then stop) (purple), sustained backward movement (less than two body bends) (yellow). Note that the null allele unc-4(e120) is weakly suppressed by ceh-12(0), whereas the hypomorphic mutation, unc-4(e2323), is strongly suppressed by ceh-12(0) (i.e., shows sustained backward movement). All results are for ceh-12(gk391). Similar results were obtained for ceh-12(tm1619) (data not shown). unc-4(e120) . UNC-7SϻGFP puncta are consistently observed adjacent to DB and VB motor neurons. Most (∼80%) VA motor neurons (VA2-VA10) are miswired with UNC-7SϻGFP puncta in unc-4(e120); DA motor neurons may also be affected (45%) (see DA7 in B). UNC-7SϻGFP puncta are rarely associated with other motor neuron classes (AS, VD, DD, VC). (D) Confocal images of UNC-7SϻGFP puncta (green) adjacent to motor neuron nuclei stained with DAPI (red). Lateral view of adult; anterior is to the left, ventral is down. Bars, 5 µm. (E,F) Rescue of the AVB wiring defect in ceh-12; unc-4 is biased to posterior VA motor neurons. UNC-7SϻGFP puncta were scored for VA2-VA10. (E) Fraction of VAs with AVB gap junctions in wild-type (black triangles), unc-4(e120) (gray boxes), and ceh-12(0); unc-4(e120) (black boxes). (n = 18-45 for each VA in each genotype.) (F) Fraction of VAs with AVB gap junctions were averaged for unc-4(e120, e2322ts, e2323) and unc-37(e262) mutants (Unc light-gray bars) and compared with the average of ceh-12; unc-4 and ceh-12; unc-37 double mutants (Ceh, dark-gray bars). A statistically significant decrease in UNC-7SϻGFP puncta is noted for Ceh animals in VA2 (P = 0.032), VA7 (P = 0.021), VA8 (P = 0.021), VA9 (P = 0.008), and VA10 (P = 0.002). (*) P Յ 0.05; (**) P Յ 0.01. . The recently discovered pannexins, the apparent evolutionary descendents of the innexins, constitute a second group of vertebrate gap junction proteins (Bruzzone et al. 2003; Panchin 2005) . The C. elegans genome includes 25 innexin genes with distinct spatial and temporal patterns of expression ). The unc-7 gene encodes at least two innexin isoforms, UNC-7L and UNC-7S (T.A. Starich, J. Xi, I.M. Skerrett, B.J. Nicholson, and J.E. Shaw, in prep.). AVB command interneurons express UNC-7S, and a GFP-tagged UNC-7S construct is detected in distinct puncta along the ventral nerve cord. In wild-type animals, most DB and VB motor neurons are marked with UNC-7SϻGFP puncta adjacent to the cell soma, whereas other motor neurons are rarely stained (Fig. 6C,D) . This result is consistent with the motor circuit wiring diagram derived from EM reconstruction in which gap junctions with AVB interneurons are prominently located adjacent to cell soma of B-class motor neurons ( Fig. 6A ; White et al. 1986 ). Moreover, UNC-7SϻGFP rescues the forward movement defect of unc-7 mutants, thereby suggesting that UNC-7SϻGFP puncta correspond to functional gap junctions in the nervous system (T.A. Starich, J. Xi, I.M. Skerrett, B.J. Nicholson, and J.E. Shaw, in prep.). On the basis of these results, we conclude that UNC-7SϻGFP is a reliable marker of AVB gap junctions with specific ventral cord motor neurons.
In unc-4(e120) mutants, ectopic UNC-7SϻGFP puncta are consistently observed adjacent to the cell soma of nine VA motor neurons (VA2-VA10) (Fig. 6C,D) . This result both confirms and extends the results of the original EM reconstruction of unc-4(e120). This study was limited to portions of the anterior and posterior ventral cord where AVB gap junctions were detected for VA2, VA3, and VA10; miswiring of VA4-VA9 was inferred from the Unc-4 backward movement defect that appears to result from VA dysfunction throughout the intervening body region (White et al. 1992) .
UNC-7SϻGFP puncta are similarly misplaced on VA class motor neurons in other unc-4 alleles and in the Groucho mutant, unc-37(e262) ( Fig. 6F; Supplementary  Table 1 ). These results establish that the AVB-to-VA gap junction defect is a component of the Unc-4-null phenotype and confirm the essential role of UNC-37/Groucho in UNC-4 function. Surprisingly, we also observed UNC-7SϻGFP puncta on DA class motor neurons (Fig.  6B-D) and on VA11 (Supplementary Table 2) in unc-4 and unc-37 mutants (VA1 and VA12 were not scored) (see Materials and Methods). The incomplete penetrance of this effect (<50%) and the limited number of DA motor neurons examined in the original EM reconstruction of unc-4(e120) may explain why these gap junctions with AVB were not previously observed (White et al. 1992 ).
ceh-12 function is required for miswiring of posterior VA motor neurons with AVB gap junctions
To determine if derepression of ceh-12 is required for the creation of ectopic AVB gap junctions with VA motor neurons, we examined the distribution of UNC-7SϻGFP puncta in ceh-12(0); unc-4(e120) double mutants. Whereas the frequency at which UNC-7SϻGFP puncta are placed next to VA motor neurons in the anterior ventral cord is comparable to that of unc-4(e120) (i.e., 90%-95%), a significant reduction is noted for posterior VA motor neurons in ceh-12(0); unc-4(e120) animals (e.g., 30% for VA10) (Fig. 6E) . This effect is confirmed by similar results showing a posterior bias for ceh-12(0) rescue of the AVB gap junction miswiring defect in two additional unc-4 alleles and in unc-37(e262) (Fig. 6F) . The finding here that ceh-12 is selectively required for the Unc-4 gap junction defect in the posterior ventral cord is congruent with the observation that ceh-12ϻGFP is preferentially derepressed in posterior VA motor neurons in unc-4 mutants (Fig. 4E) . Although not directly scored by the UNC-7SϻGFP assay, restoration of normal inputs (e.g., gap junctions and chemical synapses with AVA) to posterior VAs is also likely given the partial suppression of backward movement in ceh-12(0); unc-4(e120) animals (Fig. 5E) . We also note a statistically significant (p = 0.032) reduction of UNC-7SϻGFP puncta on the anteriorly located VA2 motor neuron in ceh-12(0) doubles with unc-4 and unc-37 alleles. Because we do not observe ectopic ceh-12ϻGFP expression in VA2 in unc-4 or unc-37 mutants (Fig. 4) this result could be indicative of an additional non-cell-autonomous role for CEH-12, as also reported for HB9 in Drosophila motor neuron specification (Broihier and Skeath 2002) .
Discussion
Transcription factor cascades define the structure of the vertebrate motor circuit by regulating the differentiation of specific neurons that contribute to this network (Shirasaki and Pfaff 2002) . A striking feature of these pathways is the frequent use of negative gene regulation to produce distinct fates between neurons generated from adjacent progenitor domains (Lee and Pfaff 2001; Muhr et al. 2001 ). Here we show that a similar mechanism of repression involving conserved transcriptional components distinguishes the fates of C. elegans motor neurons born as sisters from a common mother cell (Fig. 1) . Our results also offer a strikingly new finding, an explicit link between this biological strategy and the choice of presynaptic partners, a developmental decision of critical importance to motor neuron function. Below we present a model of transcriptional regulation of synaptic specificity in C. elegans and discuss the possibility that related schemes may also define wiring in the vertebrate spinal cord.
A transcriptional switch regulates synaptic choice in the C. elegans motor circuit C. elegans mutants in the unc-4 homeodomain gene display a strong backward movement defect that results from the miswiring of VA class motor neurons with inputs normally reserved for VB motor neurons ( Fig. 1 ; Miller et al. 1992; White et al. 1992) . Intriguingly, other aspects of VA cell fate (i.e., axon trajectory and process placement) are unchanged, suggesting that UNC-4 func-tions to control only the synaptic fate of this cell type. Here we show that this change in synaptic specificity depends in part on misexpression of the VB-specific transcription factor, CEH-12/HB9, in VA motor neurons (Fig.  7) . Normally, UNC-4 functions with UNC-37/Groucho to block ceh-12/HB9 expression in the VAs. Because HB9 is also believed to function as a transcriptional repressor in other organisms (Broihier and Skeath 2002; William et al. 2003) , we propose that ectopic CEH-12/HB9 in unc-4 and unc-37 mutants triggers miswiring by turning off genes that specify VA inputs. It is possible that ectopic CEH-12/HB9 also activates VB genes that drive the creation of VB-type inputs. Our results provide strong genetic evidence for at least one additional pathway downstream from UNC-4 that functions in parallel to CEH-12/HB9. The relative contributions of these pathways to VA input specificity are biased along the anterior-posterior (A/P) axis with ectopic CEH-12 selectively driving the creation of VB inputs to posterior VA motor neurons in unc-4 mutants and the presumptive parallel pathway imposing VB inputs to anterior VAs. Finally, a third set of VB genes, glr-4, del-1, and acr-5 are negatively regulated by unc-4 but have no detectable role in the VA miswiring defect. These cell surface proteins and ion channel components could be indicative of physiologically important differences in the excitability or signaling capacity of VA versus VB motor neurons. In the future, it will be interesting to determine if ectopic ceh-12 expression contributes to the observed depletion of synaptic vesicles in unc-4 mutant neurons (Lickteig et al. 2001) .
Although ceh-12 is required for the imposition of VBtype inputs to posterior VA motor neurons in unc-4 mutants, inputs to most VB motor neurons apparently do not depend on ceh-12 activity. Two lines of evidence support this conclusion. First, ceh-12 knock-out mutants do not show an obvious forward movement defect as would be expected if VB motor neurons were miswired (Table 1 ; Supplemental Material; Supplementary Movie 3). Second, the elimination of ceh-12 activity in these mutants does not perturb the creation of gap junctions between most VBs and AVB command interneurons (Supplementary Table 3 ). These data are consistent with the proposal suggested above that ceh-12 functions in parallel to a redundant pathway in VB motor neurons that is sufficient to retain VB-type inputs (Fig. 7) .
Transcriptional regulation by UNC-4 versus CEH-12/HB9 in VA motor neurons results in gap junctions with different sets of command interneurons
We describe in this work the use of a GFP-tagged UNC-7S marker protein for visualizing gap junctions between specific neuron pairs in the C. elegans motor circuit (T.A. Starich, J. Xi, I.M. Skerrett, B.J. Nicholson, and J.E. Shaw, in prep.). This assay has provided an unprecedented opportunity to score gap junction specificity in the light microscope in multiple animals and in a variety of different mutant backgrounds.
These experiments indicate that the innexin, UNC-7S, is expressed in AVB command interneurons for assembly into gap junctions with B-class motor neurons. Genetic and physiological data suggest that these gap junctions are likely to be heterotypic, and also include the innexin UNC-9 (T.A. Starich, J. Xi, I.M. Skerrett, B.J. Nicholson, and J.E. Shaw, in prep.). The ectopic gap junctions between AVB and A-class motor neurons that appear in unc-4 mutants may have a similar subunit composition, as unc-9 is the most abundant innexin transcript expressed in A-class motor neurons (Fox et al. 2005 ; S.E. Von Stetina, J.D. Watson, R.M. Fox, W.C. Spencer, K.L. Olszewski, P.J. Roy, S.K. Kim, and D.M. Miller III, in prep.) . It follows that UNC-9 is also a likely candidate for assembly into gap junctions between VA and AVA command interneurons in wild-type animals ( Fig. 1 ; White et al. 1986 ). Gap junctions with AVB tend to be located on the motor neuron soma (Fig. 6) , whereas gap junctions with AVA are more often distributed along the length of the motor neuron partner (White et al. 1986 ). Thus, unc-4 may orchestrate the assembly of UNC-9 into gap junctions at particular locations within A-class motor neurons and with selected presynaptic partners. Although gap junctions have been previously thought to provide a largely developmental role in the generation of neural networks in higher vertebrates, recent evidence Model of UNC-4 function to regulate input to VA class motor neurons. (A) A-type synaptic inputs are imposed when VA gene expression exceeds a specific threshold. In VA motor neurons, the UNC-4/UNC-37(Groucho) complex blocks expression of VB genes (glr-4, del-1, acr-5) that do not affect synaptic choice and at least two other VB genes, ceh-12 and an unknown target (?), that repress VA input genes. VB motor neurons do not express UNC-4, and therefore the level of VA gene expression is not sufficient to specify A-type synapses to these cells. (B) UNC-4 target gene expression is biased along the A/P axis. ceh-12 is preferentially repressed by unc-4 in posterior VA motor neurons, whereas an as-yet-unidentified unc-4 target gene (?) regulates synaptic choice anteriorly.
suggests that these "electrical" synapses are also important for neural function in adult nervous systems (Bennett and Zukin 2004) . This view is consistent with ultrastructural and immunochemical data showing that gap junctions are widely distributed in the mature mammalian brain and spinal cord (Rash et al. 2000) . As the mechanisms that control the specificity of gap junction assembly in the vertebrate CNS are unknown (Hestrin and Galarreta 2005) , the discovery of downstream genes that regulate gap junction placement in C. elegans could provide targets for molecular studies in more complex nervous systems. Moreover, the joint regulation by unc-4 (or ceh-12) of the specificity of chemical and electrical synapse formation (White et al. 1992 ) is indicative of a common nexus for pathways controlling the assembly of both types of synapses.
UNC-4 regulates downstream pathways that function regionally along the A/P axis to control synaptic inputs to VA motor neurons
Our findings indicate that ceh-12 conspires with at least one additional pathway in VA motor neurons to control input specificity (Fig. 7) . unc-4 regulation of ceh-12 is restricted to VA motor neurons in the posterior region of the ventral nerve cord (Fig. 4E) . Because anterior VA motor neurons are also miswired in unc-4 mutants (Fig. 6) , we have proposed that the presumptive downstream pathway functioning in parallel to ceh-12 may be selectively derepressed in anterior VAs (Fig. 7) . Other unc-4-regulated genes should be represented in our microarray profile of unc-37 mutant VA motor neurons (Fig. 2) . One plausible candidate in this data set that could function in parallel to ceh-12 is cog-1, the C. elegans homolog of the homeodomain transcription factor, Nkx6. In Drosophila, dHB9 and Nkx6 act together in ventrally projecting motor neurons to repress dorsal motor neuron traits (Broihier et al. 2004) . COG-1 regulates a similar decision in the C. elegans nervous system by preventing ASER sensory neurons from adopting characteristics normally reserved for ASEL (Chang et al. 2003) . Potential COG-1 interactions with CEH-12 are suggested by the observation that cog-1ϻGFP is also expressed in VA and VB motor neurons (J. Schneider and D.M. Miller, unpubl.) . cog-1 and other candidate unc-4 target genes in the microarray data set that function in parallel to ceh-12 may be revealed by RNA interference (RNAi) tests currently underway to detect genes that enhance ceh-12-dependent suppression of the Unc-4 phenotype (i.e., improved backward locomotion). Conversely, RNAi of transcripts that are depleted in the unc-37 microarray data set (Fig.  2C ) and therefore potentially repressed by ectopic ceh-12 should result in an Unc-4 like movement defect if these genes are required for specifying VA-type inputs.
CEH-12 and HB9 specify motor neuron fate
Our results, showing that ceh-12 preserves VB motor neuron fate by repressing VAB-7/Eve, parallels earlier observations that HB9 regulates motor neuron differentiation in flies, birds, and mammals. In Drosophila, dHB9 is expressed in a subset of ventrally projecting motor neurons where it represses the dorsal motor neuron determinant, Eve, and blocks the adoption of a dorsal axon trajectory. Eve, in turn, opposes ventral fates in dorsal motor neurons by reciprocally repressing dHB9 in a Groucho-dependent mechanism (Broihier and Skeath 2002) . Interestingly, HB9 is also restricted to ventrally projecting motor neurons in the vertebrate spinal cord where it acts to prevent expression of markers for interneurons arising from the adjacent V2 progenitor domain. In this case, ectopic expression of HB9 in V2 neuroblasts is sufficient to drive expression of motor neuron markers as well as impose motor neuron-like morphological characteristics (i.e., ventral axonal projections) (Arber et al. 1999; Thaler et al. 1999 ). This dual function of HB9 to block as well as activate expression of motor neuronspecific traits is similar to our finding that CEH-12 inhibits VA motor neuron differentiation while simultaneously promoting a specific VB trait. Together, these observations suggest that the key role of HB9 function in motor neuron differentiation is evolutionarily ancient. In this regard, we note that the UNC-4 homolog, UNCX4.1, is strongly expressed in the V3 neural progenitor domain immediately adjacent to the MN region in which HB9 resides (Mansouri et al. 1997 ). It will be interesting to determine if UNCX4.1 functions in the V3 domain to block HB9 expression.
Materials and methods

Strains and genetics
Nematode strains were maintained at 20°C-25°C using standard culture techniques (Brenner 1974) . ceh-12 deletion alleles, gk391 and tm1619, were obtained from the C. elegans KnockOut Consortium and the National Bioresource Project, respectively, and outcrossed six times. The wild-type strain was N2.
All other strains used in this study are listed in the Supplemental Material.
Construction of unc-4ϻ3XFlagϻPAB-1 plasmid and transgenic line
PCR was used to amplify the 3XFlag fragment from p3XFlag-CMV7.1 (Sigma) flanked by KpnI and XhoI sites. The 1XFlag in pPRSK9 (myo-3ϻFlagϻPAB-1) (Roy et al. 2002) was exchanged for the 3XFlag to generate pSV14. The 3.2-kb 3XFlagϻPAB-1 fragment was subcloned from pSV14 into the vector pSL1180 (Amersham) using KpnI and SacI to create pSV15. pSV9-TOPO contains the 3-kb PCR-amplified unc-4 promoter ligated into pCR2.1-TOPO (Invitrogen). The unc-4 promoter was subcloned into pSV15 to generate pSV16 at flanking NheI and KpnI sites. The unc-119 minigene from plasmid MM051 (Maduro and Pilgrim 1995) was ligated into pSV16 to make it suitable for microparticle bombardment (see below). The resulting plasmid (pSV17) contains the unc-119 minigene in the opposite orientation to the unc-4ϻ3XFlagϻPAB-1 fragment. The transgenic line, NC694, was generated by microparticle bombardment with pSV17 as described (Fox et al. 2005) . Expression of the Flag epitope in A-class motor neurons was confirmed by immunostaining (Roy et al. 2002) . pSV17 expression in unc-4 mutants resulted in slow-growing animals with a synthetic Unc phenotype. Therefore, unc-37(e262) animals (NC714), which were healthy and did not show additional movement defects result-ing from the pSV17 plasmid, were used for microarray profiling experiments to identify candidate unc-4 target genes.
RNA isolation, amplification, and hybridization
The isolation of A-class-specific RNAs by mRNA tagging was performed as described (Roy et al. 2002) . A detailed protocol is available on request. RNA was amplified using a modified Eberwine method, as described (Fox et al. 2005) , with the exception that 25 ng of RNA was used as starting material.
Data analysis
The commercially available Affymetrix C. elegans GeneChip was used for all experiments. Profiles of VA motor neurons from unc-37(e262) mutants (Pflugrad et al. 1997) were compared with reference microarray data from wild-type VAs (S.E. Von Stetina, J.D. Watson, R.M. Fox, W.C. Spencer, K.L. Olszewski, P.J. Roy, S.K. Kim, and D.M. Miller III, in prep.) . RMA normalization and SAM analysis were performed as described (Fox et al. 2005 ) with the following modification: A two-class unpaired analysis identified transcripts that differ by Ն1.7 times from the reference at a false discovery rate (FDR) of Յ5%. Because the penetrance of the transgene (unc-4ϻ3XFlagϻPAB-1) in DA motor neurons is higher in unc-37 mutants than in wild type, the initial list of significantly up-regulated transcripts (395) was filtered to remove genes normally enriched in wild-type DA motor neurons (Fox et al. 2005 ). The final unc-37 target list contains 255 significantly up-regulated genes and 331 transcripts with reduced intensity values relative to wild type.
Annotation of data sets
Data sets were annotated using a Perl script that searched WormBase release WS140 (http://ws140.wormbase.org; Fox et al. 2005) .
BLAST and phylogenetic analysis
A BLAST search using the CEH-12 protein sequence reveals that the Drosophila Hb9 protein is the highest scoring nonnematode protein, suggesting that CEH-12 is a member of the Mnx/HB9 family. Phylogenetic analysis confirms this idea. The protein sequences for Mnx/HB9 family members, UNC-4 family members, and Even-skipped family members were entered into the EMBL-EBI ClustalW Web-based server (http://www. ebi.ac.uk/clustalw) and output as a Phlyogram Guidetree (Fig. 3) .
Construction of ceh-12ϻGFP reporter lines
A total of 2.8 kb of promoter sequence upstream of the predicted ceh-12 start was obtained by PCR amplification of genomic DNA and cloned into pCR2.1-TOPO (Stratagene). This fragment was subcloned into pPD95.75 (a gift from Andy Fire) to generate ceh-12ϻGFP. The unc-119 minigene from MM051 (Maduro and Pilgrim 1995) was cloned into ceh-12ϻGFP as a coselectable marker for biolistic transformation. Three independent transgenic lines (Supplemental Material) were created by microparticle bombardment, as described (Fox et al. 2005) .
ceh-12 cDNA generation and transgenic expression of CEH-12
An RT-PCR reaction using 6 µg of mixed-stage N2 total RNA was used to generate ceh-12 cDNA. This 543-base-pair (bp) fragment was gel-purified (Qiagen) and cloned into pCR2.1-TOPO (Stratagene) to create C12ORF-TOPO and used to generate pSV47 (unc-4 promoterϻCEH-12ϻunc-54 3Ј untranslated region). pSV47 was injected with pJER1 (myo-3ϻdsRed2) and pCG9 (acr-5ϻYFP) into N2 animals; five "VA-CEH-12" lines were obtained (Supplemental Material) and analyzed for Unc-4 defects.
PCR detection of ceh-12 deletion alleles
Single-worm PCR was performed as described (Plasterk 1995) . ceh-12 il and ceh-12 ir primers were used to detect the ceh-12 (gk391) deletion, and F33D11.4 IL and F33D11.4 IR primers were used to detect the ceh-12 (tm1619) allele. Information on deletion endpoints for can be found at http://www.wormbase. org. Primer sequences are listed in the Supplemental Material.
Movement assays
For each strain tested, 50 L4 hermaphrodites were grown overnight at 20°C [or 25°C for the temperature-sensitive allele, unc-4(e2322ts)]. Samples were coded with unrelated names by a nonscorer to ensure that the study was performed blind. The animal was tapped on the head with a platinum wire a maximum of three times. Backward movement was scored as: unable to back (does not move or coils immediately), initiates backing (begins sinusoidal motion backward before stopping or coiling), or sustains backward locomotion (performs backward movement for at least two sinusoidal waves).
Construction of unc-7SϻGFP
The unc-7 locus encodes two isoforms: a long form (UNC-7L; accession no. Q03412), and a shorter form (UNC-7S; T.A. Starich and J.E. Shaw, unpubl.). UNC-7S and UNC-7L proteins differ only in the sequences of their predicted intracellular N termini. To generate a construct that expresses UNC-7S exclusively, a 8.6-kb region flanked by a SalI site located in Exon 2 of unc-7L (nucleotide 14,412 of cosmid R07D5) and a BamHI site downstream from the unc-7 locus (nucleotide 5788 of R07D5) was cloned into pBluescript (Stratagene). This genomic segment includes unc-7S promoter/regulatory elements. An in-frame GFP sequence with a translational stop was inserted at a SalI site in the last exon of unc-7, resulting in the predicted deletion of the C-terminal 17 amino acids of UNC-7S in the final expressed product. unc-7SϻGFP and col-19ϻGFP were coinjected and transgenic animals were identified by col-19ϻGFP expression in the adult hypodermis (Abrahante et al. 1998) . UNC-7SϻGFP puncta were diffuse in the wild-type background but localized to tight ventral cord puncta in unc-7 mutants; these animals were also partially rescued for the Unc-7 forward movement defect (T.A. Starich, J. Xi, I.M. Skerrett, B.J. Nicholson, and J.E. Shaw, in prep.). We interpret these results to mean that UNC-7SϻGFP assembles into functional gap junctions that restore locomotory activity to unc-7 mutants.
UNC-7SϻGFP antibody staining and analysis
UNC-7SϻGFP transgenics were methanol-formaldehyde fixed as described (Finney and Ruvkun 1990) and incubated with monoclonal GFP antibodies (Quantum Biotechnologies) and goat anti-mouse IgG-Cy3. The ventral cord motor neurons between the retrovesicular ganglion (RVG) at the anterior end of the cord and the posterior preanal ganglion (PAG) of L4 and adult animals were scored for the association of anti-GFP puncta. (Motor neurons in the RVG and PAG were not scored [e.g., VA1 and VA12] because they are difficult to identify unambiguously in these ganglia.) Results were recorded for each motor neuron of each type in this interval (VA2-VA11, VB3-VB11, DA2-DA7, DB3-DB7, DD2-DD5, VD3-VD11, AS2-AS10, VC1-VC6). All scoring was performed "blind"; genotypes of each sample were unknown to the individuals performing the experiment until after scoring was completed.
The percentages of UNC-7SϻGFP puncta were averaged from three unc-4 alleles (e120, e2322ts, e2323) and unc-37(e262) (Unc) and compared with the averages from . A two-tailed t-test was performed to determine if the average UNC-7SϻGFP puncta of Unc was significantly different versus the average of Ceh.
Microscopy VAB-7 immunostaining was performed as described (Esmaeili et al. 2002) . Images were obtained in a Zeiss Axioplan compound microscope equipped with a Hammamatsu Orca camera. Confocal images in Figure 6 were obtained in an Olympus FV1000 equipped with a UV laser for DAPI excitation and pseudocolored for anti-GFP (green) and DAPI (red).
